Vaccination is a potent therapeutic strategy to prevent the spread of infectious disease. Current vaccines are composed of pathogen-derived antigens (purified proteins or inactivated pathogen) that give rise to antigen-specific memory B and T cells and confer long-term protection to the vaccinated individual. Most vaccines also contain an adjuvant that is critical for their effectiveness. Vaccination has considerably reduced or eliminated the spread of severe pathologies around the world. There are still many diseases, however, for which we currently cannot rely on vaccines to cure (for example, hepatitis C virus, malaria and cancer). Therefore, novel and advanced vaccination strategies are required.

Dendritic cells (DC) are major determinants of vaccination due to their role in priming T-cell immune responses against the inoculated antigen. At the periphery, DCs have the role of sentinels that capture and process antigens for presentation by major histocompatibility complex (MHC) molecules to T cells. MHC-I molecules present antigens to CD8^+^ T cells, whereas MHC-II molecules are specifically recognized by CD4^+^ T cells.^[@bib1]^ The immune response induced by DCs depends on the environment in which the antigen is captured. In the absence of inflammatory signals, DCs are largely tolerogenic, leading to dampened T-cell responses.^[@bib2]^ In contrast, in response to infection, inflammation or vaccine adjuvant, DCs undergo maturation that is critical to induce effective T-cell immunity. Mature DCs upregulate MHC molecules and co-stimulatory molecules and produce a variety of cytokines. Together with antigen presentation by MHC molecules, this maturation process results in the activation of naive T cells and their differentiation into effector T cells.^[@bib1]^

The critical role of DCs in T-cell immunity and the increasing knowledge in DC biology have supported the development of DC-based vaccination strategies in recent years. A direct approach has been attempted where DCs are generated *in vitro* and loaded with tumor antigen before their autologous transfer into cancer patients. Aside from some minor success in clinical trials, this procedure remains laborious and onerous.^[@bib3]^ A more simple and promising approach is based on the delivery of antigen to DC *in situ.*^[@bib4]^ To this end, the desired antigen is conjugated to a monoclonal antibody that is specific for an endocytic receptor expressed by the DC. This coupling can be achieved chemically, but the reaction may impair the quality of the complexes. A better option is for genetic fusion of the antigen to the Fc portion of the antibody heavy chain. These antibodies are internalized by DCs, trafficked and degraded in the endocytic pathways, with antigenic peptides loaded onto MHC-I and/or MHC-II molecules. The benefit of using monoclonal antibodies for vaccination is that the antigen is optimally delivered to the antigen-presenting cells. Furthermore, this approach enables vaccine customization by targeting particular receptors expressed by specialized DC subsets to thereby induce the desired immune outcome. Importantly, endocytic receptors have differential potential to effectively induce T-cell immunity in the setting of DC targeting. In this review, we describe the human and mouse DC subsets and the antigen presentation pathways that interplay with DC targeting. We also focus on DEC205, Clec9A and Clec12A, DC receptors that are promising target for antibody-based vaccination. We finally examine whether specific intracellular trafficking properties of the targeted DC receptors are associated with enhanced antigen presentation outcomes.

Dendritic cell subsets
======================

Using DC targeting for vaccination requires in the first instance an overview of the different mouse and human DC subsets and their functions in immunity. Although extensive work has been undertaken in characterizing mouse DC subsets,^[@bib5]^ their human counterparts have remained difficult to define due to their paucity in blood and the difficulty in accessing human lymphoid organs. However, recent reports from several leading laboratories have now identified the human equivalents to mouse DCs.

Mouse and human DCs can be divided into two major subsets mostly localized in lymphoid tissues: the plasmacytoid DC (pDC) and the conventional/myeloid DC (mDC). Mouse and human pDCs have an important role during viral infection by producing large amounts of type I interferon in response to toll-like receptor (TLR)-7 and TLR-9 ligation.^[@bib6]^ In contrast, pDC have poor antigen presentation capacity, although several studies have demonstrated that antigen targeting to endocytic receptors at the surface of pDCs induces high MHC-I and MHC-II antigen presentation.^[@bib7],\ [@bib8]^ Interestingly, mouse pDC have also been associated with tolerance.^[@bib9],\ [@bib10]^ Whether a similar tolerogenic function exists in human pDCs remains unknown.

Mouse mDCs comprise two major subsets: CD8^+^ DCs (and migratory CD103^+^ DCs) and CD8^−^ DCs. Their human counterparts are defined as CD141^+^ (also named as blood DC antigen (BDCA)3^+^) DCs and CD1c^+^ (also known as BDCA1^+^) DCs, respectively. Common surface markers of mouse CD8^+^ DCs and human CD141^+^ DCs include the C-type lectin receptor Clec9A^[@bib11],\ [@bib12],\ [@bib13],\ [@bib14]^ and the chemokine (C motif) receptor 1 XCR1.^[@bib15]^ Furthermore, both subsets share the expression of the transcription factors, interferon regulatory factor (IRF) 8^[@bib13]^ and basic leucine zipper transcription factor, ATF-like 3 (BATF3).^[@bib14]^ Mouse CD8^−^ DCs and human CD1c^+^ DCs have a highly similar transcriptional program, and both subsets express the transcription factor IRF4.^[@bib16]^ The antigen presentation function by DCs is clearly divided between the two mouse subsets, with CD8^+^ DCs and CD103^+^ DCs having superior capacities to induce CD8^+^ T-cell immune responses via the presentation of extracellular antigen by MHC-I molecules (termed cross-presentation). In contrast, mouse CD8^−^ DCs are specialized in CD4^+^ T-cell priming by capturing and processing extracellular antigens for MHC-II presentation.^[@bib1]^ Such a division of antigen presentation capacity does not exist between human mDCs. Indeed, both CD141^+^ and CD1c^+^ DCs robustly cross-present antigen on MHC-I molecules.^[@bib13],\ [@bib14],\ [@bib15],\ [@bib17],\ [@bib18]^ Furthermore, both human subsets are equally competent in MHC-II presentation.^[@bib18],\ [@bib19],\ [@bib20]^

Skin contains additional DC subsets to those found in the lymphoid organs. Langerhans cells (LCs) reside both in mouse and human epidermis, and are characterized by the expression of langerin and E-cadherin.^[@bib21]^ Mouse and human LCs are strong stimulators of CD4^+^ T cells.^[@bib22],\ [@bib23]^ However, whereas mouse and human LCs are strong cross-presenting cells *ex vivo*,^[@bib24],\ [@bib25]^ there is conflicting evidence regarding their *in vivo* cross-presentation capacity.^[@bib26],\ [@bib27]^ Human skin also contains CD14^+^ dermal DCs that closely resemble monocyte-derived macrophages.^[@bib28]^ This subset seems to be specialized in the humoral immune response;^[@bib25]^ however, CD14^+^ dermal DCs are poor stimulators of allogenic T cells and rather induce regulatory T cells.^[@bib29],\ [@bib30]^

Finally, inflammatory DCs are present in inflamed tissues and draining lymphoid organs. The mouse subset originates from monocytes and expresses macrophage-specific markers such as F4/80, CD64 and the high-affinity IgE receptor, FcɛRI.^[@bib31]^ The human counterpart, that has been identified in different inflammatory tissues has a transcriptome that closely resembles macrophages and therefore this subset is also likely derived from monocytes.^[@bib32]^ Human monocyte-derived DCs (moDCs), that are differentiated *in vitro* from the culture of monocytes with granulocyte--macrophage colony-stimulating factor and interleukin (IL)-4, are also closely related to inflammatory DCs found in organs.^[@bib32]^ Mouse inflammatory DCs activate CD4^+^ T cells and drive their polarization into T-helper cells (T~h~) 1 or T~h~ 2.^[@bib33],\ [@bib34]^ This subset is also able to cross-present antigen.^[@bib35],\ [@bib36]^ In humans, inflammatory DCs stimulate autologous CD4^+^ T cells and induce IL-17 secretion, although their ability for cross-presentation remains unknown.^[@bib32]^

Antigen presentation pathways
=============================

A comprehensive understanding of the antigen-processing pathways, downstream of the delivery of antigen to DC, is also critical in the design of effective DC-targeted vaccines. For MHC-II antigen presentation antigen is endocytosed and transported to late endosomes/lysosomes, where it is degraded in the acidic lumen by lysosomal proteases. Resulting peptides are loaded onto MHC-II molecules by the chaperone human leukocyte antigen DM (HLA-DM) in the endosomal compartment and MHC-II-peptide complexes are exported to the cell surface. MHC-II antigen presentation is a well-studied pathway and has been the subject of several excellent reviews, for example.^[@bib37],\ [@bib38],\ [@bib39]^ In contrast, to MHC-II presentation, less is known about the trafficking of endocytosed antigen for presentation via MHC-I molecules (cross-presentation). Two major routes have been proposed referred to as the 'cytosolic\' and 'vacuolar\' pathways. The cytosolic cross-presentation pathway involves the endocytosed antigen being exported from the endosomes into the cytosol for proteasomal degradation. How antigen is transported through the endosomal membrane is not well understood. Reduction of disulfide bonds and unfolding of the endocytosed antigen is a prerequisite for antigen export to the cytosol,^[@bib40]^ with the antigen then being rapidly refolded in the cytosol, a process that can be facilitated by heat-shock protein 90.^[@bib41],\ [@bib42]^ A role for the endoplasmic reticulum (ER)-associated degradation (ERAD) machinery has been proposed to export the endocytosed antigen through the endosomal membrane. This was based on the presence of ER-resident proteins at the surface of phagosomes, including the translocon Sec61.^[@bib43]^ A functional study also suggested that p97, a cytosolic ATPase essential for ERAD, was also involved in protein translocation.^[@bib44]^ After antigen breakdown by the proteasome, resulting peptides are transported through the transporter associated with antigen processing (TAP) into the ER for loading onto MHC-I molecules. There is also the possibility that peptides are reimported directly into phagosomes that contain TAP.^[@bib43],\ [@bib45]^ Trafficking of the ER-resident proteins to the endosomal compartment for cross-presentation requires Sec22b, an ER-resident soluble N-ethylmaleimide-sensitive factor attachment protein receptor (SNARE).^[@bib46]^ The vacuolar cross-presentation pathway involves the antigen being processed in a proteasome and a TAP-independent mechanism. Proteolysis is achieved by lysosomal proteases and peptides are loaded onto MHC-I molecules that recycle from the cell surface.^[@bib1],\ [@bib47],\ [@bib48]^

One important feature that distinguishes DCs from other antigen-presenting cells is their reduced level of antigen proteolysis in the endosomal pathway. This unique property is an important contributor to their superior ability for antigen presentation. Although antigen degradation is required for the generation of peptides for MHC molecules, complete proteolytic destruction would eliminate potential antigenic epitopes. DCs, unlike macrophages, display lower expression lysosomal proteases and a higher lysosomal pH, thereby limiting the level of antigen degradation.^[@bib49],\ [@bib50]^ The susceptibility of antigen to lysosomal proteolysis is also a critical factor that determines of MHC-I and MHC-II antigen presentation in murine DCs.^[@bib50]^ The degree of antigen proteolysis is considered particularly important for cross-presentation. Indeed, in mice, the presence of lysosomal protease inhibitors enhances antigen cross-presentation by DCs.^[@bib51],\ [@bib52]^ Furthermore, mouse cross-presenting DCs, including CD8^+^ DCs, specifically express an active system to reduce antigen degradation by overexpressing NADPH oxidase (NOX)-2 at the phagosomal membrane. This NADPH oxidase produces reactive oxygen species that maintain phagosome alkalinization and promote antigen cross-presentation.^[@bib53],\ [@bib54]^ Mouse CD8^+^ DCs also have lower expression of lysosomal proteases compared to non-cross-presenting CD8^−^ DCs.^[@bib55]^ Similar to mouse DCs, human cross-presenting DCs, including CD141^+^ and CD1c^+^ DCs, also maintain an alkaline pH in their phagosomal lumen^[@bib17]^ and this process occurs in a NOX-2 dependent manner.^[@bib56]^

Endocytic receptors of interest for DC targeting
================================================

DEC-205
-------

Pioneering work has demonstrated the principle of DC targeting using antigen-conjugated antibodies specific to the C-type lectin receptor DEC-205 ([Figure 1](#fig1){ref-type="fig"}). In mice, DEC-205 expression is predominant on thymic epithelial cells and DCs, including CD8^+^ DCs, dermal DCs and LCs.^[@bib57]^ In humans, DEC-205 is expressed at high levels on mDCs and monocytes, at intermediate levels by B cells and at low levels on natural killer cells, T cells and pDCs.^[@bib58]^ A major function of this endocytic receptor is suggested to involve binding dying cells for uptake and cross-presentation of debris-associated antigens by DCs.^[@bib59]^ DEC-205 also binds to the class B CpG oligonucleotide, a synthetic TLR-9 ligand, and enables its uptake.^[@bib60]^ Several reports have demonstrated that *ex vivo* targeting of mouse DCs, and more specifically CD8^+^ DCs, with ovalbumin (OVA)-conjugated anti-DEC-205 antibodies induces robust MHC-I cross-presentation to OVA-specific CD8^+^ T cells. Furthermore, these conjugates elicit high OVA presentation by MHC-II molecules, and this process is enhanced following targeting of CD8^−^ DCs, despite their low expression of DEC205, relative to CD8^+^ DCs.^[@bib55],\ [@bib61],\ [@bib62],\ [@bib63]^ *In vivo*, injection of OVA-conjugated rat anti-DEC205 antibodies into mice, in the presence of an adjuvant, also induces substantial proliferation and accumulation of OVA-specific naive CD8^+^ and CD4^+^ T cells, leading to their differentiation into effector T cells.^[@bib55],\ [@bib61],\ [@bib62],\ [@bib63],\ [@bib64]^ Interestingly, this process is concomitant with prolonged antigen presentation by MHC-I, but not by MHC-II molecules.^[@bib63]^ Injected mice also display a strong humoral response with high levels of anti-rat and anti-OVA antibodies detected in the serum.^[@bib64]^ Using irradiated mice reconstituted with equal ratios of DEC-205^+/+^ and DEC-205^−/−^ bone marrow, we have shown that only targeted DCs, but not non-targeted DCs, are responsible for MHC-I and MHC-II presentation in response to DEC205 targeting *in vivo.*^[@bib65]^ Importantly, the administration of an adjuvant, along with antigen-conjugated anti-DEC-205 antibodies, is a prerequisite to induce a robust T-cell immune response.^[@bib55],\ [@bib61],\ [@bib62],\ [@bib63],\ [@bib64]^ In the absence of a DC maturation signal, the delivery of antigens to DEC-205 *in vivo* is associated with T-cell tolerance. In this case, an initial expansion of antigen-specific CD8^+^ and CD4^+^ T cells occurs, but these cells do not differentiate into effector T cells and are ultimately deleted.^[@bib55],\ [@bib66]^ Furthermore, mice that are immunized in these settings become unresponsive to rechallenge with the same unconjugated antigen.^[@bib62]^ Interestingly, Mahnke *et al.*^[@bib67]^ have reported that DEC-205 targeting under these conditions leads to the activation of CD25^+^ regulatory T cells, again suggesting the induction of peripheral T-cell tolerance. For B-cell-mediated immunity induced by DEC205 targeting, the requirement for an adjuvant remains unclear. Indeed, although in some studies a potent anti-rat humoral response is observed following adjuvant-free immunization with rat anti-DEC205 antibodies,^[@bib68]^ others report very poor antibody responses in mice immunized in a similar manner.^[@bib64]^ This may be due to the specific antibody used for targeting given that in the absence of adjuvant, significant differences in the IgG response to different anti-DEC205 antibodies are observed.^[@bib68]^ This suggests that targeting outcomes will be impacted by inherent properties of the targeting antibodies themselves.

Most vaccination strategies are based on intradermal or intramuscular inoculation of the antigen, raising the question of the fate of the antigen-conjugated anti-DEC-205 antibodies injected via this route. A few hours after deposition under the skin, conjugates are detected at the surface of CD8^+^ DCs in both lymph nodes and spleen, leading to systemic antigen presentation by MHC-I and MHC-II molecules.^[@bib63]^ In particular, the CD8^+^ DC subset in the skin-draining lymph nodes is targeted via the passive transport of antibodies.^[@bib69]^ Furthermore, injected anti-DEC-205 antibodies also bind epidermal LCs and dermal DCs (encompassing langerin^+^ and langerin^−^ DC). These cells migrate to the skin-draining lymph nodes, a process that is further enhanced by skin inflammation.^[@bib69],\ [@bib70]^ However, the depletion of langerin^+^ cells in mice does not impair the elicited CD8^+^ T cell immune response, raising the possibility that migrating dermal langerin^−^ DCs and CD8^+^ DCs are sufficient to cross-prime CD8^+^ T cells in the settings of DEC-205 targeting.^[@bib69]^

Evidence suggests that targeting DEC-205 on human DC elicits robust activation of T cells. For instance, human moDCs stained *ex vivo* with anti-DEC-205 antibodies conjugated to the human immunodeficiency virus (HIV) gag protein p24 are strong inducers of CD8^+^ T-cell proliferation and interferon-γ secretion.^[@bib71]^ Furthermore, Birkholz *et al.* have genetically fused the single-chain fragment from a DEC-205 antibody to the tumor antigen melanoma-associated antigen 3. Incubation of human moDCs with this construct leads to increased secretion of IL-2 by antigen-specific CD4^+^ T cells compared with antigen-electroporated or peptide-pulsed moDCs.^[@bib72]^ Others have shown that the delivery of the cancer testis antigen NY-ESO-1 to human moDCs via DEC-205 results in strong stimulation of antigen-specific CD8^+^ T cells compared with cells pulsed with unconjugated antigen. However, in this case no enhancement of CD4^+^ T-cell activation was reported in response to DEC-205 targeting.^[@bib73]^ Importantly, few studies have used CD141^+^ and CD1c^+^ DCs, the human counterparts of mouse CD8^+^ and CD8^−^ DC, to investigate antigen presentation outcomes in response to DEC-205 targeting. These two DC subsets internalize similar levels of anti-DEC-205 antibodies; however, delivering antigen to DEC-205 on CD141^+^ DCs, but not CD1c^+^ DCs, elicits higher antigen cross-presentation.^[@bib19],\ [@bib74]^ Altogether, these data demonstrate that, similar to mouse DCs, targeting antigens to DEC-205 on specific human DC subsets enhances antigen presentation outcomes.

A large body of evidence illustrates the effectiveness of DEC-205 targeting in mice to prevent the development of infectious diseases or cancer. For instance, mice that are immunized with a single dose of OVA-conjugated anti-DEC-205 antibodies, together with an adjuvant, become resistant to subsequent infection by OVA-expressing vaccinia virus, as evidenced by a reduction in virus titer and the absence of weight loss.^[@bib63]^ Furthermore, mice that are similarly immunized and subsequently challenged with OVA-expressing tumor cells reject the tumors.^[@bib63]^ Interestingly, this immunization strategy is also protective even if the injection is done with mice that already possess tumors nodules. Therefore, antigen-conjugated anti-DEC-205 antibodies can be used both as a prophylactic and therapeutic vaccination strategy.^[@bib75]^ In conclusion, delivering antigen to DEC-205, along with adjuvant, is a strategy of choice to elicit strong T- and B-cell immune responses with promising applications in vaccination.

Clec9A
------

Clec9A (also known as DNGR-1) is a C-type lectin-like receptor. In mice, its expression is restricted to DCs with high levels measured on CD8^+^ DCs and lower levels on pDCs.^[@bib11],\ [@bib12]^ In humans, Clec9A is highly expressed by CD141^+^ DCs, the human equivalents of the CD8^+^ DCs, however, not by pDC.^[@bib11],\ [@bib12]^ Clec9A is a critical receptor for cross-presentation of dead cell-associated antigen by DC.^[@bib76],\ [@bib77]^ This process relies on recognition of an actin-containing cytoskeletal structure that is exposed on apoptotic and necrotic cells when the cell membrane is ruptured.^[@bib77],\ [@bib78]^ Interestingly, several studies have exploited the natural function of Clec9A in antigen presentation, using it as a target receptor for vaccine enhancement ([Figure 2](#fig2){ref-type="fig"}). *In vivo* injection of anti-Clec9A antibodies specifically labels CD8^+^ DCs and pDCs.^[@bib11],\ [@bib79],\ [@bib80]^ To determine whether Clec9A was a promising receptor for DC targeting, OVA was genetically conjugated to anti-Clec9A antibodies and the resulting conjugates administrated to mice. At steady state, these conjugates induce the proliferation of OVA-specific transgenic CD8^+^ and CD4^+^ T cells, showing that antigen targeted to Clec9A is efficiently processed and presented by MHC-I and MHC-II molecules.^[@bib12]^ Furthermore, Sancho *et al.*^[@bib11]^ have shown that delivering OVA to DCs via Clec9A *in vivo*, together with an adjuvant, leads to a cytotoxic T lymphocyte response that actively suppresses OVA-expressing lung metastases. Similar results are observed when the vaccine is administered prior or after tumor challenge, showing that targeting antigen to Clec9A can be used as a vaccine for prophylaxis or immunotherapy.^[@bib11]^ In another report, Joffre *et al.* highlight that *in vivo* injection of anti-Clec9A antibodies conjugated to an MHC-II-binding OVA peptide, together with an adjuvant, leads to robust CD4^+^ T-cell priming. In this case, the nature of the adjuvant used dictates the polarization of effector CD4^+^ T cells. For instance, poly I:C induces the differentiation of activated CD4^+^ T cells into T~h~1, leading to a strong humoral response. In contrast, curdlan co-injection primes a T~h~17 immune response.^[@bib79]^ Adjuvant-free immunization with anti-Clec9A antibodies is reported to give rise to Foxp3^+^ T cells and to reduce antibody production, suggesting the induction of tolerance.^[@bib79]^ However, in direct contrast to these data, other authors report that antigen delivery via Clec9A enhances the humoral response even in the absence of adjuvant. Mice injected with rat anti-Clec9A antibodies conjugated to OVA produce high-serum titers of anti-rat IgG and anti-OVA antibodies at steady state.^[@bib12],\ [@bib64]^ Furthermore, the use of Myd88^−/−^ TRIF^−/−^ mice, deficient in TLR signaling, does not impair this humoral response, ruling out possible endotoxin contamination of the anti-Clec9A antibodies acting to compensate for the absence of adjuvant.^[@bib12]^ Park *et al.* have also measured the humoral response upon adjuvant-free injection of rat anti-Clec9A antibodies conjugated to hapten nitrophenol (NP). In line with the previous data, high and prolonged levels of anti-rat IgG and anti-NP antibodies are detected in the serum, encompassing all IgG isotypes.^[@bib81]^ A strong anti-rat IgG humoral response was also induced in non-human primates immunized with rat anti-Clec9A antibodies only.^[@bib82]^ The discrepancy between studies regarding the requirement of an adjuvant for the antibody response following Clec9A targeting may originate in the type of injected antibody. Joffre *et al.*^[@bib79]^ injected a rat IgG1 anti-Clec9A antibody, whereas others have used a rat IgG2a isotype^[@bib12],\ [@bib64],\ [@bib81],\ [@bib82]^ that is inherently more immunogenic.^[@bib82]^ In contrast, the adjuvant-free immunogenicity of the anti-Clec9A antibodies cannot be predicted from the targeted region of the receptor, the binding capacities to the target *in vivo* or the persistence of the targeting antibodies in the serum.^[@bib82]^

The mechanism responsible for the potent humoral response induced by adjuvant-free Clec9A targeting has been deciphered. Targeting of NP to Clec9A induces transient formation of germinal centers, maturation of antibody affinity and generation of memory B cells that, altogether, characterizes a follicular response.^[@bib81]^ In line with this data, mice immunized with OVA-conjugated anti-Clec9A antibodies in the absence of adjuvant produce high numbers of T-follicular helper cells (T~fh~) that promote antibody production.^[@bib64]^ These cells are localized in the germinal centers and express the classical T~fh~ markers, including chemokine (C-X-C motif) receptor 5 (CXCR5) and programmed cell death protein-1 at the cell surface, the transcription factor B-cell lymphoma 6 (Bcl6) and the cytokine IL-21.^[@bib83]^ Furthermore, the CD4^+^ T cells that persist long-term after antigen targeting to Clec9A display high levels of CXCR5 and Bcl6 typical of memory T~fh~. After a secondary challenge, these cells rapidly proliferate and differentiate into effector T~fh.~^[@bib83]^ In conclusion, Clec9A is a receptor that can be exploited to induce robust T- and B-cell immune responses in the settings of antibody-targeted vaccination. Importantly, the elicited humoral response does not require adjuvant administration and involves a follicular response with T~fh~ production.

Clec12A, like Clec9A, is also a C-type lectin-like receptor that is highly expressed by mouse CD8^+^ DCs and pDCs.^[@bib84]^ Lower expression levels are also found on mouse monocytes, macrophages and B cells.^[@bib84]^ In human, Clec12A is similarly expressed by all DC subsets and by monocytes.^[@bib84]^ The potential of Clec12A as a target for antibody-based vaccination has been investigated. A strong humoral response is observed in mice immunized with OVA-conjugated anti-Clec12A antibodies, as evidenced by high titers of anti-rat IgG and anti-OVA antibodies.^[@bib64],\ [@bib84]^ Furthermore, targeting OVA to Clec12A induces the proliferation of OVA-specific transgenic CD8^+^ and CD4^+^ T cells; however, at a lower extent compared with antigen targeting to DEC-205 or Clec9A.^[@bib64],\ [@bib84]^ However, unlike Clec9A targeting, the B- and T-cell immune responses elicited by Clec12A targeting requires the use of an adjuvant.^[@bib64],\ [@bib84]^ Yet, even with this reagent, targeting Clec12A is inefficient at generating cytotoxic T cells.^[@bib64]^ Overall, these results show that delivering antigen to Clec12A does not elicit robust B- and T-cell immune responses, thus limiting interest in its use in antibody-targeted vaccination.

Intracellular trafficking downstream of targeted DC receptors
=============================================================

Endocytic receptors expressed by DCs have differential levels of expression, internalization patterns and downstream trafficking routes, although only several of them elicit high T-cell immune responses in the setting of DC targeting. What parameters drive the ability of the receptors to exert this function? To address this question, several studies have analyzed the intracellular trafficking of DC receptors and compared it with the antigen presentation outcomes when those receptors are targeted.

Intuitively, the amount of internalized antigen should correlate with antigen presentation levels, therefore highly internalized receptors should be privileged targets. However, this concept has been ruled out by several studies. For instance, Chatterjee *et al.* have measured the uptake of antibodies specific for DEC-205, mannose receptor and CD40 into human CD1c^+^ and moDCs. Anti-mannose receptor antibody was more efficiently accumulated than anti-CD40 or anti-DEC-205 antibodies, but CD40 was the best receptor to target to induce antigen cross-presentation.^[@bib74]^ We have also analyzed the internalization parameters of different endocytic receptors expressed by mouse and human DCs, using a fluorescent DNA-based-coupled probe. By conjugating this probe to antibodies specific for receptors of interest, we have quantitatively measured the amount of antigen delivered into the intracellular compartment via the targeted molecules. Using this methodology, we observed that mature CD8^+^ DCs internalize a lower antigen load via DEC-205 or CD11c than via CD40. In mature CD8^−^ DC, DEC-205, CD11c and CD40 all deliver a small amount of antigen into the endocytic pathway. However, for both mouse mDC subsets, DEC-205 was superior for MHC-I and MHC-II antigen presentation relative to the antigen load.^[@bib65]^ Therefore, the antigen load internalized downstream of the targeted receptor does not influence the level of antigen presentation.

It has also been proposed that the speed of antigen internalization influences processing of the targeted antigen for presentation. In particular, targeting a receptor that is slowly internalized may establish an antigen depot and preserve important MHC-I epitopes from enzymatic degradation, leading to prolonged cross-presentation. This is exemplified by CD40 that is slowly internalized in human CD1c^+^ DCs and moDCs correlating with robust CD8^+^ T-cell priming following targeting of this receptor.^[@bib74]^ However, other data do not support this notion. For instance, despite being a good target for cross-presentation, DEC-205 is rapidly lost from the cell surface of mouse mDCs^[@bib7]^ and of human moDCs,^[@bib85]^ suggesting an increased, rather than decreased, speed of internalization. Moreover, we have observed a rapid internalization of DEC-205, Clec9A and CD40 in mouse mDCs, whereas CD11b and CD11c are endocytosed slowly. Consistent with these data, the internalization of DEC-205 in human CD141^+^ and CD1c^+^ DCs is also fast, in contrast to CD11c that is endocytosed slowly. Yet, targeting DEC-205 over CD40 and CD11c is the more efficient route at eliciting cross-priming of CD8^+^ T cells.^[@bib65]^ In conclusion, the impact of the speed of targeted receptor internalization on the antigen presentation outcome remains controversial.

The intracellular trafficking route accessed by antigen once inside the cell is a significant factor that will affect the level of antigen presentation. Therefore, it has been proposed that receptor-targeted antigen that traffics to early endosomes with reduced proteolysis is more efficiently processed for MHC-I cross-presentation. In contrast, antigen that homes into late endosomes is actively degraded by lysosomal proteases and is more likely to give rise to epitopes for MHC-II presentation. In line with this concept, internalized CD40, mannose receptor, DC-SIGN and CD11c are observed in early endosomes of human DCs and all are efficient targets to elicit antigen cross-presentation.^[@bib19],\ [@bib74],\ [@bib86]^ There is evidence that in some settings internalized DEC-205 traffics to late endosomes and that antigen delivered via this route in human CD1c^+^ DCs and moDCs is poorly cross-presented.^[@bib19],\ [@bib74]^ This, however, contradicts the widely supported role for DEC-205 as a strong receptor to target for cross-presentation. Indeed, exceptions to the paradigm exist. For instance, antigen delivered to early endosomes via CD40 is more efficiently presented on MHC-II molecules than antigen delivered to lysosomes via DEC-205.^[@bib19],\ [@bib74]^ Furthermore, in CD141^+^ DCs, antigen internalized via DEC-205 also traffics to late endosomes, yet it is still efficiently cross-presented by this DC subset.^[@bib19]^ Thus, no clear correlation has been found between the intracellular trafficking of the targeted receptor and the effectiveness of antigen presentation. In conclusion, the amount of internalized receptors, the speed of internalization and the destination of the receptor into the intracellular compartment are not reliable criteria to predict the antigen presentation outcomes in the settings of DC targeting.

Conclusion
==========

Recent advances in the understanding of the complexity of DC subsets and how they perform antigen presentation has provided a rationale for the design of novel vaccination strategies based on antigen-conjugated antibodies. DEC-205 is a very promising target given the robust T-cell and B-cell immune responses elicited in mice upon antigen delivery to this receptor, together with adjuvant. Targeting antigen to human DCs via DEC-205 *ex vivo* also efficiently primes T cells. Translating these findings into clinical applications is underway with several anti-DEC-205 antibodies being currently tested as prophylactic or therapeutic vaccines (<https://clinicaltrials.gov>). Clec9A is another target of interest, in particular due to its ability to induce a strong antibody response. This humoral response involves the formation of germinal centers and the generation of T~fh~ cells. Interestingly, some of the anti-Clec9A antibodies used are active without the need of an adjuvant. This feature is likely related to the immunogenicity of the antibody backbone itself. This property is of interest for future translation into human trials in order to prevent possible side effects associated with adjuvant use.

Understanding the rules that dictate DC targeting effectiveness is critical to the design of antibody-based vaccinations. However, currently no correlations can be drawn between antigen presentation outcomes and the intracellular trafficking of antigen delivered to DCs via specific receptors, including antigen load, speed of receptor internalization or the destination of internalized receptor in the endocytic pathway. Attention should be paid to the targeted DC subset in order to elicit the desired antigen presentation outcome. This is particularly true for the cross-priming of CD8^+^ T cells by delivering antigen to DC with higher cross-presentation capacities. Other factors may have a role in the effectiveness of DC targeting, such as the inflammatory environment or the type of antibody used. Therefore, more work is required to decipher the molecular and cellular processes that underpin effective DC targeting. This knowledge will likely help to identify novel successful targets for antibody-based vaccination.
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![Immune responses elicited by antigen targeting to DEC-205. Adjuvant-free immunization of mice with antigen-conjugated anti-DEC-205 antibodies leads to regulatory T-cell-dependent tolerance. In contrast, co-injection of an adjuvant with anti-DEC-205 primes a robust cytotoxic T-cell immune response. It also strongly activates a CD4^+^ T-cell immune response leading to generation of T~h~ cells that support the humoral response.](cti20166f1){#fig1}

![Immune responses elicited by antigen targeting to Clec9A. At steady state, some antigen-conjugated anti-Clec9A antibodies generate regulatory T cells that lead to tolerance. Alternatively, other anti-Clec9A antibodies activate a robust humoral response that involves the production of T~fh~. Antigen delivery to DCs via Clec9A also elicits a strong CTL immune response that requires adjuvant administration.](cti20166f2){#fig2}
